4 that falls outside the described major clades of eukaryotes (Opisthokonta, Amoebozoa, Excavata, Plantae and SAR) [31] .
S. tetraspora, along with Breviata anathema, groups with other anaerobic or microaerophilic environmental sequences in a recent SSU-rDNA gene genealogy and represents a previouslyunknown major lineage of eukaryotes for which there are few physiological or ecological data [31] . Transcriptome-scale data from S. tetraspora, along with the published EST data from B. anathema [32] , will help elucidate the unique position of this clade on the tree of life. There are currently two protein-coding genes and SSU-rDNA from S. tetraspora available on GenBank.
Given the dearth of molecular data for these three eukaryotes and their important taxonomic placements, we generated transcriptome data and applied a variety of tools to characterize genes with homologs in other eukaryotes. Further, we explored candidate genes for anaerobic metabolism, RNAi and meiosis and conducted a preliminary phylogenetic analysis.
Results

Assembly
Given that the target species cannot be grown axenically, we took considerable care to remove contaminating bacterial and archaeal sequences prior to assessment of gene content and phylogenetic analyses. A total of 177,371 sequences were produced for C. tenera, with an average length of 524 bases (Table 1) . Based on BLAST results, we determined that 50.3% of the sequences were rDNA genes, and these were removed prior to further annotation. The remaining sequences were assembled with DNASTAR SeqMan NGen 2.1.0 into 16,983 contigs or single reads. Of these, 856 had strong BLAST hits to bacterial or archaeal sequences, 3,235 to eukaryotic sequences, and 12, 892 had no strong affinity to any domain. Blast2GO assigned a gene ontology (GO) mapping for 1,966 of the eukaryotic sequences, while 1,269 remained unmapped.
For C. uncinata, we generated 62,833 sequences, with an average read length of 499 nucleotides (Table 1) . We removed 11.9% of these sequences that were determined to be rDNAs.
The remaining sequences were assembled into 10,630 contigs or single reads, of which 930 were determined by BLAST to be bacterial or archaeal, 4,499 were eukaryotic, and 5,201 had no strong signature. For the eukaryotic sequences, Blast2GO
There are many advantages to characterizing RNA sequences (RNA-Seq) from lineages in poorly explored taxonomic regions of the eukaryotic tree of life. Transcriptomes are smaller and simpler than their corresponding genomes, and are enriched for highly expressed, conserved genes that often are useful for phylogenetic analyses [15] . Further, given the difficulty in producing axenic cultures, targeting the mRNA has the added benefit of allowing selection of polyadenylated transcripts that generally contain eukaryotic protein-coding genes, thus reducing (but not eliminating) the number of contaminating bacterial and archaeal sequences. Hence, RNA-Seq can provide an efficient way to identify orthologous genes and discover novel genes from diverse taxa [e.g. 16, 17] .
Still, analyses of 454 sequence data, the focus of this study, are not trivial. This is particularly true for de novo sequencing, when there are no genome data from the target taxon or close relatives. Moreover, given the difficulties in culturing most eukaryotic lineages axenically (i.e. in the absence of bacteria/ archaea), care must be taken to remove contaminating sequences without losing as-yet undescribed transcripts [18] .
Nevertheless, 454 transcriptome sequencing offers tremendous value for gene discovery [e.g. 19, 20] and phylogenomics [15] .
Here we present 454 RNA-Seq data from three diverse lineages of eukaryotic microbes: Chilodonella uncinata, Corallomyxa tenera, and Subulatomonas tetraspora. C. uncinata ( Figure 1a ) is a member of the ciliate class Phyllopharyngea and is marked by the presence of both a germline and somatic genome within each cell [21, 22] . Although sequencing projects have been completed for ciliates in the classes Oligohymenophorea [23, 24] and Spirotrichea [25] , the Phyllopharyngea remain unexplored.
High rates of protein evolution, gene scrambling, and extensive gene families make this group of ciliates a model for studying genome evolution [26, 27] .
C. tenera falls within the Rhizaria, with close affinity to Gromia and the Foraminifera [28] . This amoeboid organism consists of a net of fine pseudopods, with no distinct cell body (Figure 1b ). There is a paucity of genome scale data in the Rhizaria, although EST data from several lineages have been published recently [29, 30] . There are currently only six protein-coding genes and SSU-rDNA from C. tenera available on GenBank. Figure 1c ) is a recently described microaerophilic amoeboflagellate isolated from anoxic marine sediments, C. uncinata, the only taxon in this study with genomes published for closely related species, was also the only taxon whose transcriptome had a significant number of BLAST hits to specific taxa: the ciliates Tetrahymena thermophila and Paramecium tetraurelia. For both C. tenera and S. tetraspora, there was no significant signature of any one taxon in the top BLAST hits, as predicted for these understudied lineages. The algorithms in Blast2GO assigned gene ontology (GO) classes to our transcripts (Table S1 ). Ontology assignments for each of the three transcriptomes reveal that genes from a range of biological processes were captured in this RNA-Seq analysis ( Figure 3 ).
S. tetraspora (
For all three organisms, the majority of proteins were assigned to three categories of Biological Processes: cellular processes, metabolic processes and biological regulation.
We identified highly expressed genes as contigs containing 10% or more of sequence reads ( Table 2) . Many of the contigs with the highest read numbers for C. tenera (8 of 18) are involved in translation, and five are significantly similar only to hypothetical proteins. For the ciliate C. uncinata, the bulk of common transcripts are similar only to hypothetical proteins (Table 2 ). The prevalence of hypothetical proteins in C. uncinata is surprising given that completed genomes are available from two other ciliates (Paramecium [33] and Tetrahymena [24] ). This may reflect either the considerable evolutionary distance among these taxa or the elevated rates of protein evolution in C. uncinata [21, 27] . We did not assess patterns of common transcripts for S. tetraspora, given limited data from this taxon.
Despite the number of contaminating bacterial and archaeal sequences, we were able to validate the data from this study by looking for known genes from the three taxa. We had previously cloned and sequenced some genes of interest from these organisms [28, 31, 34, 35] and were able to search for these genes.
All three datasets contained sequences that were identical or nearly identical to previously sequenced genes from these taxa. assigned 1,419 to a GO map while 3,080 remained unmapped (Table 1) .
Although the 454 data for S. tetraspora included many contaminating bacterial sequences, we were able to characterize a reasonable number of eukaryotic proteins from this taxon. We generated a total of 761,551 reads with an average read length of 530 nucleotides. Nearly all of these reads (95%, Table 1 ) had strong BLAST hits to rDNAs, with over 500,000 reads having best BLAST hits to LSU-rDNA from the bacterium Marinomonas mediterranea, SSU-rDNA from Marinobacterium sp., the SSUrDNA and LSU-rDNA from Ilyobacter sp., or the LSU-rDNA from an uncultured bacterium (GB# FQ032819). We also found a nearly 26kb contiguous region of a Pseudomonas genomic sequence in early inspection of the data, so we used NGen (DNAStar Inc) to assemble the remaining reads against a Pseudomonas genome and removed an additional 18,046 reads prior to further assembly. We then passed the remaining sequences through our rDNA removal pipeline, which eliminated further bacterial and eukaryotic rDNAs.
After elimination of the contaminating rDNAs and
Pseudomonas sequences, the remaining raw reads from S. tetraspora assembled into 11,529 contigs plus single reads.
Of these, 6,814 were bacterial, 2,166 were eukaryotic, and 2,549 had no strong signature. Of the eukaryotic sequences, Blast2GO assigned 1,046 to a GO map and 1,120 remained unmapped (Table 1) .
Gene Content in Transcriptomes
We used a variety of tools to assess the content of the three transcriptomes including determining closest relatives for eukaryotic proteins, identifying most highly expressed genes, looking for genes previously characterized by PCR, and assessing the presence of both expected genes (i.e. histones and tRNA synthetases) and genes with patchy distribution among eukaryotes (i.e. genes involved in anaerobic metabolism, RNAi and meiosis). To assess the relative coverage of the transcriptomes, we searched in the datasets for genes expected to be present in a eukaryotic genome: fifteen tRNA synthetase genes and four core histones. For the tRNA synthetases, we found ten in the C. tenera transcriptome, nine in C. uncinata and seven in S. tetraspora. We found all four core histone genes in C. uncinata, two in C. tenera and none in S. tetraspora (see Table S2 ). Given the large numbers of contaminating sequences, these results suggest much greater emphasis needs to be made on cleaning these cultures prior to isolation of mRNAs.
Despite these challenges, we were able to make some inferences about biological processes in these organisms by searching for homologs of specific genes of interest. As exemplars, we searched for candidates genes involved in anaerobic metabolism, RNAi, and meiosis (Table 3) losses in many eukaryotic lineages [38] .
Because of our interest in epigenetic phenomena in eukaryotes [26, 39, 40] , we also assessed the distribution of genes involved in RNAi pathways. We focused on three candidates argued to be present in the last common ancestor of eukaryotes:
piwi/argonaute, an RNA dependent RNA polymerase (rdrp), and dicer [41, 42] . Of these three genes, we found only a piwi gene in the transcriptome of C. uncinata and none in C. tenera or S. tetraspora (Table 3 ; Figure 5 ). This gene is of interest as piwi/argonaute proteins play a role in RNAi processes such as silencing transposons [43, 44] , differentiating stem cells [45] , and structuring somatic genomes in ciliates [46] .
The origin of sex and distribution of sexual lineages of eukaryotes has drawn attention from evolutionary biologists for centuries [47] . Theory suggests that ancient asexual lineages are improbable [48] , yet many microbial eukaryotes have only been observed to reproduce asexually. Given uncertainties surrounding the study of microbial eukaryotes, the failure to observe sex does not mean that the lineages are necessarily asexual [49, 50] . One approach to determining whether a lineage is sexual is to probe the genome for a minimum toolkit for meiosis [51] so, as a third example, we looked for 8 genes in this toolkit that are believed to be used exclusively in meiosis, and found compelling evidence for the presence of three of the genes in C. uncinata and four in C. tenera (Table 3) . None of the genes were found in the S. tetraspora dataset, but this may be due to low coverage for this taxon. and T. pyroformis (Table 4) .
Phylogenomics
Because of our particular interest in the placement of S. tetraspora and because the addition of close relatives can stabilize the placement of orphan taxa, we also performed analyses using the 30 genes that had sequence data from both S. tetraspora and its putative sister taxon B. anathema ( Figure 6 ). As with the 130 gene analysis, we varied the data matrices analyzed for these genes. In this 30 gene dataset,
S. tetraspora and B. anathema generally group with the Apusomonad Thecamonas trahens or else with the Excavates
Monocercomonoides sp. or Trimastix pyroformis (Table 4 ). In all these analyses, C. triciliatum is sister to Malawimonas spp., consistent with a previous phylogenomic analysis of this taxon [54] , and the Amoebozoa are monophyletic and separate from the clade containing S. tetraspora and B.
anathema ( Figure 6 ). Subsampling these data as above made were derived from phylogenies based on very few genes;
(2) the ability to detect both highly conserved genes and genes with more patchy distributions among eukaryotes highlights the power of RNA-Seq data from understudied microbial eukaryotes;
(3) the challenges we encountered in this study yield
Discussion
The results here lead to three major insights:
(1) these phylogenomic analyses support previous placements for all three of these under-sampled lineages, which Additional challenges come from using software and approaches that do not capture the biology of diverse eukaryotes.
For example, we inspected categories in Blast2GO that had names such as 'multicellular organismal process' and 'immune system process,' and found that genes in these categories represent ancient eukaryotic orthologs with broader functions in eukaryotic cells. We also assessed the genes putatively specific to the 'plastid' in C. tenera and S. tetraspora, and found that sequences in this category either had similarly significant BLAST hits to other orthologs or to genes that were not clearly specific to plastids. In sum, the Blast2GO analyses provide an overall picture of the diversity of processes of our RNA-Seq data, but the development of different tools will be necessary to routinely annotate the transcripts of microbial eukaryotes. (Fig 6, supplemental data) . This phenomenon of highly supported but apparently incorrect nodes appears to be common in analyses of eukaryote relationships from genomic data [58] .
Conclusions
The placement of S. tetraspora and B. anathema is of great interest because they may represent a novel lineage of anaerobic eukaryotes. Previous work on B. anathema suggested its inclusion in the Amoebozoa [32, 59] , Excavata [60] or Apusozoa [61] , but none of these relationships are well supported by our phylogenomic study. In all of our analyses, S. tetraspora and forming a clade sister to, but distinct from, the Apusomonads or any other named major group [31] .
Overall, the high-throughput approach used to characterize the transcriptomes from three non-model microbial eukaryotes yielded a large number of genes with homologs in other eukaryotes as well as numerous potentially novel genes (Table 1; supplemental data). This was even true for the enigmatic taxon S. tetraspora, which had substantial bacterial contamination despite a poly-A selection step ( Table 1 ). The coverage of core genes is variable among the datasets, as evidenced by varying numbers of histone and tRNA synthetase genes (Table S2) 454 sequence data and de novo transcriptome assembly (with high, 90%, match percent) were used and the unassembled sequences were uploaded to the Galaxy web server [64] and filtered for quality using the FASTQ Quality Trimmer by sliding window (window = 10, step 1, min mean quality score 38).
Contigs and unassembled sequences with length > 100 bases were passed to custom python scripts that used a BLAST based strategy to remove SSU-rDNA and LSU-rDNA sequences and bacterial contaminants.
After the first pass through NGen, S. tetraspora was found to have a large number of sequences (511,996 of the original 761,551) that assembled into just 5 contigs. These were determined to be bacterial SSU-rDNA and LSU-rDNA sequences and were removed prior to any further analyses. This sample was heavily contaminated with sequences from Pseudomonas. We used NGen with default parameters to assemble the data against a Pseudomonas genome and removed matching sequences prior to passing the data through our custom scripts.
Since many of the transcripts had no strong BLAST hits, it was challenging to distinguish eukaryotic from contaminating bacterial or archaeal sequences. To address this, we compared the e-value of BLAST hits constrained to eukaryotic sequences in GenBank to those constrained to bacterial or archaeal sequences and removed those sequences that did not have a strong eukaryotic signature. If the ratio of the e-value of the bacteria to eukaryotes was > 10 (e.g. the eukaryotic e-value was 10 times lower), we excluded the sequence. This procedure may have resulted in the loss of evidence for recent LGT events;
however, for the purpose of this study it was necessary to identify eukaryotic sequences with high confidence.
Following the removal of bacterial and rRNA sequences, gene function for the remaining sequences was determined using Blast2GO [1, 2] with an e-value cut-off of e - 25 and default values for all other parameters. Blast2GO uses blastx against the nr protein database and extracts GO terms associated with the BLAST hits. Using these procedures we were able to assign the top BLAST hit species and GO numbers for the eukaryotic genes. These included 1,966 genes for C. tenera, 1,419 genes for C. uncinata, and 1,046 genes for S. tetraspora. Graphs for the GO term category Biological Processes (Level 2) were made using a 1% sequence cut off ( Figure 3 ).
To explore gene content in these data sets, we sought orthologs of a few genes from anaerobic metabolism, RNAi/ genome architecture, and meiosis. Orthologs of target genes were selected in the OrthoMCL database [65, 66] 
RNA and 454 Sequencing
Live cultures of C. tenera, C. uncinata, and S. tetraspora Utilities [73] . Each run of the SPR local search yielded an optimal species tree. After each run, we examined alternate rootings of the gene trees and re-rooted them using a root that minimizes the number of implied duplications and losses. This procedure was repeated until no further re-rooting would reduce the duplication and loss cost. Finally, to summarize the phylogenetic relationships, we constructed a majority rule consensus tree from the species trees resulting from all GTP bootstrap runs.
To remove paralogs for concatenated multi-gene analyses, additional Python scripts designed to maintain orthologous groups were used. Single gene trees were built to verify the choice of paralog, and these alignments were concatenated into a single phylogenetic character matrix. Additionally, SSU-rDNA sequences from all taxa were aligned as previously described [74] and the SSU alignment was added to the concatenated protein alignments to form a matrix including 288 taxa, with varying levels of missing data (Table S3) , that was 39036 characters in length. All other matrices used in this study were created from subsampling of this alignment. and Entamoebae spp. and without the SSU-rDNA gene. We also excluded fast-evolving sites from our alignments. Rate categories were determined from individual alignments and corresponding by eye in these alignments and best matches were retained.
Geneologies were constructed using RaxML v. 7.0.2 [68] [69] [70] with rapid bootstrapping followed by a thorough maximum likelihood search. The PROTGAMMA model with matrix LG was used. Because many of the candidate sequences were from short single reads and not contigs, we performed phylogenetic analyses only on regions of overlap between sequences.
To investigate which genes were common in the transcriptomes, we took contigs that contained more than 10% of the total number of reads for C. uncinata and C. tenera. We identified their best hit by BLAST and assessed their function ( Table 2 ). We determined that coverage for the S. tetraspora transcriptome was too poor for meaningful analysis for this taxon.
Phylogenetic Analyses
We selected genes for phylogenetic analysis that would maximize taxon sampling and distribution across major clades in OrthoMCL-DB Version 5, which includes 88 eukaryotic, 34 bacterial, and 16 archaeal completed genomes. Of these, we used only genes that were found in the S. tetraspora transcriptome, thus minimizing the amount of missing data for this taxon of interest. Target taxa were added by including our transcriptome data, as well as all eukaryotes (or a subsample for the well-represented plants, animals and fungi) with more than 100 protein-coding sequences on GenBank. From these taxa, we extracted putative homologs to the genes using BLAST, and further refined our assumptions of homology through a series of steps, including removing duplicate sequences, those that were too similar, and those that were non-overlapping. Guide trees from MAFFT were used to identify in-group paralogs, which were then removed, making the alignments more tractable. Sequences for each gene were then aligned in Guidance version 1.1 [67] with seqCutoff = 0.50 and colCutoff =0.40, to remove unreliable taxa and unreliable characters. These single gene alignments were used in the gene tree parsimony (GTP) analyses.
The input for GTP is a collection of gene trees. We performed maximum likelihood (ML) phylogenetic analyses on each of the single gene alignments using RAxML-Light v. 1.0.5 [71] . For the SSU-rDNA alignment, we used the GTRCAT nucleotide substitution model. For the protein coding loci, we used the "AUTO" option for the amino acid substitution model, which estimates the ML score by using all available pre-defined AA models every time the model parameters are optimized during the tree search and chooses the model with the highest likelihood.
For each gene alignment we performed 100 non-parametric bootstrap replicates. To account for the often high uncertainty in the gene tree topologies, we ran GTP analyses on 100 supertree bootstrap data sets. Each supertree bootstrap data set consists of one randomly selected bootstrap tree from the ML analysis of each single gene alignment. For each supertree bootstrap data set, we inferred a species tree using GTP based on the duplication and loss model, which, given a collection of rooted gene trees, seeks the rooted species tree that implies the fewest duplications and losses across all gene trees. The GTP analyses best tree in TREE-PUZZLE 5.2 [79] , and alignment columns with a rate category of 6, 7 and 8 were excluded from the alignment.
